Objective To examine changes in insulin sensitivity (SI), compensatory acute insulin response (AIR), and b-cell function/disposition index (DI) across puberty in overweight Latino boys and girls.
The pubertal transition is a time during which rapid and dynamic changes occur in various metabolic systems, including hormonal regulations, changes in body fat and its distribution, and increased insulin resistance. Insulin sensitivity (SI) appears to be highest before the onset of puberty (Tanner stage 1) and reaches its lowest point midway through maturation (Tanner stage 3), approaching near prepubertal levels at the end of maturation (Tanner stage 5). 6, 8 In Caucasian children, insulin secretion is increased to compensate for this transient decrease in SI during adolescence. 8 Research from our group using longitudinal data investigating the effects of puberty on SI noted a 32% reduction in SI in Caucasian and African-American children as they transitioned from Tanner stage 1 to Tanner stage 3, which was consistent across a range of body fatness. 6 In a cross-sectional analysis of pubertal effects in overweight Latino children, we have previously shown no differences in SI, acute insulin response (AIR), fasting and 2-hour glucose, or ß-cell function across the different stages of maturation. 9 Also, in a limited longitudinal analysis over a 1-year follow-up period in overweight Latino children, 10 we observed a 24% fall in IS that was partially explained by an increase in body fat but not explained by changes in Tanner stage. Interestingly, subjects in earlier maturation showed a compensatory increase in the AIR (ie, appropriate b-cell compensation), whereas subjects in the latter stages of maturation showed poor compensation. The main objective of the current analysis was to expand these earlier findings in a larger sample and over a time frame long enough to encompass the spectrum of maturation. Additionally, we sought to examine whether puberty-related changes type 2 diabetes risk factors were different in boys versus girls.
Methods
Participants were enrolled in the SOLAR (Study of Latino Adolescents at Risk) Diabetes Project at the University of Southern California. This study is an ongoing, longitudinal investigation exploring risk factors in a group of boys and girls at high risk for developing type 2 diabetes early in life. Data are collected for each 
AIR
Acute insulin response DI Disposition index SI Insulin sensitivity participant annually. We have previously reported several findings from this cohort including a baseline crosssectional analysis of puberty and a 1-year follow-up analysis. [9] [10] [11] [12] [13] Data were analyzed from 253 overweight Latino children (143 males, 110 females) recruited through clinics, word of mouth, local newspaper, and radio advertisements. Participants met the following study entry inclusion criteria for their initial visit: BMI $85 th percentile for age and sex; 14 age 8 to 13 years; Latino ancestry (all four grandparents Latino by parental self report); and absence of type 1 or type 2 diabetes using established guidelines. 2 The participants were not currently taking any medication(s) and did not have a previous clinical diagnosis known to influence body composition, SI, insulin secretion, diet, or physical activity. Participants in this longitudinal study attended up to five annual clinic visits. Written informed consent was obtained from both the parents and children before testing began. The Institutional Review Board of the University of Southern California approved this study.
Children were scheduled on an annual basis for an outpatient and an in-patient visit to the University of Southern California General Clinical Research Center (GCRC). For the outpatient visit, children were asked to report at approximately 7:30 AM after being instructed to fast overnight and a 2-hour oral glucose tolerance test (OGTT) was performed using a dose of 1.75 g glucose/kg body weight (to a maximum of 75 g) as previously described. 11, 12 Blood was sampled for glucose and insulin at times -5 minutes (''fasting'') and 120 minutes (''2 hours''). Blood samples taken during the OGTT were separated for plasma and immediately transported on ice to the Los Angeles County -USC Medical Center Core Laboratory where glucose was analyzed on a Dimension Clinical Chemistry system using an in vitro Hexokinase method (Dade Behring, Deerfield, Illinois). The in-patient visit was scheduled within approximately 4 weeks. Children reported to the GCRC in the afternoon and were fasted overnight, with only water permitted after 8 PM. An insulin-modified frequently sampled intravenous glucose tolerance test (FSIVGTT) was used to measure SI, AIR, and disposition index (DI) as previously described. . 24 Blood samples from the FSIVGTT were centrifuged immediately for 10 minutes at 2500 RPM and 8 C to 10 C to obtain plasma, and aliquots were frozen at -70 C until assayed. Glucose was assayed in duplicate on a Yellow Springs Instrument 2700 Analyzer (Yellow Springs Instrument, Yellow Springs, Ohio) using the glucose oxidase method. Insulin was assayed in duplicate using a specific human insulin ELISA kit from Linco (St Charles, Missouri), intra-assay coefficient of variation 4.7% to 7.0%, interassay coefficient of variation 9.1% to 11.4%, and cross-reaction with human proinsulin 0%). Height and weight were measured using a beam medical scale and wall-mounted stadiometer, to the nearest 0.1 kg and 0.1 cm, respectively. Body mass index (BMI) and BMI percentiles for age and sex were determined using EpiInfo Version 1.1 -2.0 (CDC, Atlanta, Georgia). A comprehensive medical history and physical examination including maturation (using the Tanner stage method) was performed by a licensed pediatric health care provider according to the well-established criteria according to pubic hair and breast or genital development. 15, 16 Tanner stage was chosen to capture the changes that occur while adolescents mature physically. Body composition was measured by dual energy x-ray absorptiometry (DEXA) using a Hologic QDR 4500W (Hologic, Bedford, Massachusetts).
Statistical Analysis
Data were tested for normality and transformations were made if necessary. Longitudinal mixed-effects modeling was used to determine longitudinal patterns across Tanner stages and to test the influence of sex on each outcome at each Tanner as well as changes across Tanner stages. Linear and nonlinear models were tested to see which was best to describe the development of each outcome. Sex and body composition (total fat and total lean tissue) were the main factors, but age was included as a covariate to account for the age range at each Tanner stage. For the AIR models, SI was also included as a covariate. All modeling was performed using SPSS (Mac version 16; SPSS Inc., Chicago, Illinois); P = .05 for all statistics.
Results
The baseline (visit 1) characteristics of the 253 participants in the SOLAR cohort are presented in the Table. At baseline, participants included 110 girls and 143 boys. The mean age at baseline was 11.1 AE 1.7 years, and analysis included an average of 3.2 AE 1.6 visits per participants for a total of 818 visits. The Table shows the number of observations per Tanner stage. For SI, there was a decrease from Tanner stages 1 through 3, after which boys increased in SI, and girls continued to decline (Figure 1, A) . This sex difference in the pattern of changes in SI across Tanner stages was significant (P = .008). There were also significant sex differences in the pattern of change across Tanner stages in the AIR (Figure 1, B) . In particular, during early Tanner stages, boys were relatively stable and girls increased in AIR (P = .058). After Tanner stage 3, there was a significant reduction in AIR in both boys and girls. For the DI, there was a significant and continuous decline across all Tanner stages in both boys and girls (Figure 1, C) . There were no differences between sexes in either level of DI or in rate of THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. -, No. -decline across Tanner. Boys and girls had opposite trends in the pattern of changes in fasting glucose across Tanner stages (P < .001; Figure 2 , A), with boys increasing fasting glucose across Tanner stages with girls decreasing (Figure 2, A) . For 2-hour glucose, there were different trends in rate of change between boys and girls at early maturity and late maturity (P = .053 for sex differences). Girls past Tanner 4 increased in 2-hour glucose, and boys continued a linear decline from earlier Tanner stages (Figure 2, B) . For fasting insulin, Figure 2 , C suggests that boys and girls increased at a similar rate from Tanner stages 1 through 3 and then diverged with girls decreasing and boys increasing. However, this sex interaction was not significant in this model.
Discussion
The findings from this analysis indicate that the compensation to pubertal insulin resistance in obese Hispanic children was different by sex in the early stages of maturation, though the end result of a declining DI across all stages of puberty was consistent in boys and girls. For boys in early maturation, there was only a marginal improvement in AIR, despite progressive insulin resistance. After Tanner stage 3, SI improved, but AIR declined by more than would be predicted from the improvement in SI. In girls, SI declined across all stages of maturation. In early maturation, AIR was compensating for this decline in SI, but after Tanner 3 AIR did not compensate. Collectively, these data show that the compensation to pubertal insulin resistance before Tanner 3 was different in boys and girls, but after Tanner stage 3 there was a failure to compensate to changes in SI contributing to an overall progressive decline in the DI and b-cell function in both sexes.
Decreased SI and impaired b-cell function are two critical components in the pathogenesis of type 2 diabetes. In children, this risk is exacerbated by growth-related increases in adiposity and by the transient insulin resistance of puberty. Our findings suggest that this risk profile is further compounded by a pubertal ''trigger,'' as evidenced by the failure to compensate to progressive insulin resistance after Tanner stage 3. Prior cross-sectional studies have showed that the increase in insulin resistance associated with puberty is consistent whether assessed by either the glucose clamp technique or the minimal model method. 5, 7, [17] [18] [19] [20] However, there is a paucity of longitudinal research investigating this association. Most studies of SI and insulin secretion in youth have not divided puberty into stages based on sexual maturation, and thus have not been able to determine how insulin/glucose dynamics changes during the course of puberty. This study investigated the longitudinal effects of SI and insulin secretion across all five Tanner stages in overweight at risk for type 2 diabetes Latino youth with positive family history Figure 1 . Changes in A, insulin sensitivity, B, acute insulin response, and C, disposition index by Tanner stage in boys and girls (data adjusted for age and body composition).
for type 2 diabetes. 11 The present study shows significant longitudinal patterns in insulin/glucose dynamics across the course of puberty that these patterns are clearly affected by age and body composition and that sex is often an effect modifier of these patterns.
Our findings are in part consistent with results of previous longitudinal studies. 6, 17, 21, 22 The Hannon et al 21 study used the hyperinsulinemic-euglycemic clamp to assess SI and showed that despite a 50% decrease in SI as participants transitioned from ''prepuberty'' to ''puberty,'' the DI was maintained via a compensatory increase in insulin secretion. However, this study was conducted with a very small sample size (n = 9) and all but one participant was Caucasian. In a prior longitudinal study, we used the frequently sampled intravenous glucose tolerance test in a large sample of participants (n = 60) consisting of a mixed overweight population of Caucasian and African-American youth. 6 This study found that even after controlling for adiposity as measured by DEXA, age, and sex, children transitioning from Tanner 1 to 3 had a 32% decrease in SI and an increase in fasting glucose, insulin, and AIR, compared with children remaining at Tanner stage 1 over the same 2-year period. We later expanded on these findings in a larger sample (n = 92) across the spectrum of all pubertal stages and showed that once we adjusted for sex, baseline age and fat mass, SI (in both the Caucasian and African-American youth) decreased significantly as participants transitioned into puberty but recovered once they reached Tanner stage 5. 22 AIR significantly decreased across Tanner stage but DI decreased across puberty in the African-American youth only. These results suggest that African-American but not Caucasian children have declining b-cell function during puberty. 22 Hannon et al 21 used the hyperinsulinemic-euglycemic clamp to assess the effects of Tanner stage on sex, ethnicity and BMI on insulin resistance in a large sample (n = 357) of Caucasian and African-American children. The results of this study demonstrated significant sex differences. Insulin resistance significantly increased from Tanner stage 2 but returned to near prepubertal levels at Tanner stage 5, and adiposity did not explain the insulin resistance of puberty. Despite the current and prior longitudinal studies during puberty, there is a scarcity of data that has followed children through to the progression of type 2 diabetes. Therefore, it is difficult to project how pubertal changes in insulin resistance might be related to risk of transition to type 2 diabetes. One longitudinal study by Weiss et al 23 reported data over 2 years from 117 children, of whom 8 progressed from impaired glucose tolerance to type 2 diabetes. Severity of obesity, African-American ethnicity, and glucose intolerance were predictive of future type 2 diabetes, whereas fasting glucose, insulin, and c-peptide were not predictive. The specific influence of pubertal insulin resistance and direct measures of SI and insulin secretion were not examined. More data are needed extending observational analysis to the development of type 2 diabetes.
The present study is unique in several aspects and significantly expands our knowledge of the longitudinal trends in diabetes risk factors across puberty. A special feature of the current study is that longitudinal mixed-effects modeling was used to analyze the data, allowing us to examine these effects with robust models using multiple time point assessments. The study included over 200 Latino participants in a relatively narrow age range with more than 800 hospital visits, with repeated rigorous measures of insulin and glucose indices using the Minimal Model and an FSIVGT and of body composition by DEXA. However, although we regard the homogeneity of our sample as a strength, it should be noted that our findings may be specific to our unique study population and therefore cannot be generalized. The clinical implication from our findings is that maintenance of insulin secretion at and following Tanner stage 3 might be critical for protecting THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. -, No. -obese Hispanics from type 2 diabetes, so in addition to weight loss, reducing the insulin burden during this critical period of development (eg, reduced sugar consumption) might be a useful preventive strategy. n
